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We have investigated the temperature dependence of the magnetic susceptibility χ(T ) of rare-
earth cobaltites RCoO3 (R= La, Pr, Nd, Sm, Eu) in the temperature range 4.2−300 K and also the
influence of hydrostatic pressure up to 2 kbar on their susceptibility at fixed temperatures T = 78
and 300 K. The specific dependence χ(T ) observed in LaCoO3 and the anomalously large pressure
effect (d ln χ/dP ∼ −100 Mbar−1 for T = 78 K) are analysed in the framework of a two-level model
with energy levels difference ∆. The ground state of the system is assumed to be nonmagnetic with
the zero spin of Co3+ ions, and magnetism at a finite temperature is determined by the excited
magnetic spin state. The results of the analysis, supplemented by theoretical calculations of the
electronic structure of LaCoO3, indicate a significant increase in ∆ with a decrease in the unit cell
volume under the hydrostatic pressure. In the series of RCoO3 (R= Pr, Nd, Sm, Eu) compounds,
the volume of crystal cell decreases monotonically due to a decrease in the radius of R3+ ions. This
leads to an increase in the relative energy ∆ of the excited state (the chemical pressure effect), which
manifests itself in a decrease in the contribution of cobalt ions to the magnetic susceptibility at a
fixed temperature, and also in a decrease in the hydrostatic pressure effect on the susceptibility of
RCoO3 compounds, which we have observed at T = 300 K.
INTRODUCTION
It is well known that Co3+ ions with 3d6 electronic con-
figuration in RCoO3 cobaltites, which have a perovskite-
like crystal structure, can exist in three different spin
states corresponding to the low (LS, S = 0), intermedi-
ate (IS, S = 1), and high (HS, S = 2) spin values. The
energies of these states are determined by the competi-
tion between the splitting of ionic energy levels by the
crystal field in t2g and eg states and Hund’s intra-atomic
exchange interaction. As a result, the states with dif-
ferent spin of Co3+ ions have comparable energy values,
and their relative positions are sensitive to such factors
as temperature, pressure and magnetic field. These fac-
tors can generate different spin crossovers and provide
the observed peculiar behaviour and variety of physical
properties of the RCoO3 systems (see Refs. [1–3] and
references therein).
The evolution of the spin states of Co 3+ with increas-
ing temperature is most clearly manifested in the mag-
netic properties of LaCoO3 compound, where La does not
have a magnetic moment and the contribution of cobalt
ions to the susceptibility χ appears to be predominant.
It is recognized that in the ground state the cobalt ions
are in the low-spin LS state (S=0) and at low tempera-
tures LaCoO3 is a nonmagnetic semiconductor. As tem-
perature rises, the states with a higher spin, IS and/or
HS, begin to populate. This leads to a rapid increase in
the susceptibility and a pronounced maximum in χ(T ) at
T ∼ 100 K, followed by a decrease in susceptibility close
to the Curie-Weiss law [4–6]. In addition, another fea-
ture in χ(T ) with the shape of a wide plateau is observed
near 500 K, which is associated with a transition to the
metallic type of conductivity.
Despite the huge amount of experimental and theo-
retical works devoted to studies of RCoO3 cobaltites, a
nature of the spin state of Co3+ ions and mechanisms of
its manifestation in physical properties is the subject of
continuous discussions (see e.g. Ref. [7] and references
therein). One of the main questions concerns the scenario
of transition between spin states of cobalt with increas-
ing temperature: LS → IS, LS → HS or LS → IS → HS.
In a number of experimental and theoretical papers [8–
14] their authors proposed the LS → HS type scenario
to explain the physical properties of RCoO3 cobaltites.
On the other hand, numerous experimental and theoret-
ical studies indicated that IS state is the closest to the
ground LS state, and LS → IS type scenario takes place
(see e.g. [4, 5, 15–17]). Thus, the nature and hierarchy
of different spin states of RCoO3 remain the subject of
further experimental and theoretical research.
One of the most efficient directions of such research
can be a study of high pressure effect on the magnetic
properties of cobaltites. The first and so far the only
investigation of the uniform pressure effect on magnetic
susceptibility of LaCoO3 [18] has revealed a strong de-
crease in χ under pressure and a shift of the characteristic
maximum on χ(T ) dependence to higher temperatures.
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Figure 1: Averaged experimental values of the volume per
formula unit for RCoO3 compounds at room temperature,
according to the data of Refs. [4, 21–29] as a function of the
radius R3+ ion [30] for the orthorhombic (Or) and rhombo-
hedral (Rh) crystal structure.
Later, indirect estimates of pressure effects on suscepti-
bility of LaCoO3 were obtained from measurements of
the volume magnetostriction [19]. However, the quanti-
tative results of both papers differ significantly and need
to be verified.
Compared to LaCoO3, a contribution of Co
3+ ions to
the magnetic susceptibility of the other RCoO3 cobaltites
was studied to a lesser extent because of difficulties of its
observation against the background of strong magnetism
of rare-earth ions. Also, to the best of our knowledge,
there were no studies of magnetic properties of these
compounds under high-pressure conditions. Therefore,
of particular interest are the studies of dependence of
the spin state of cobalt ions in RCoO3 compounds on
changes in the elementary cell volume under the action
of a uniform pressure, as well as a result of the lanthanoid
compression effect (Fig. 1) and thermal expansion.
In this work, we investigated the magnetic susceptibil-
ity of RCoO3 cobaltites with R= La, Pr, Nd, Sm, and
Eu in the temperature range 4.2 − 300 K, and also un-
der applied hydrostatic pressure of up to 2 kbar at fixed
temperatures T = 78 and 300 K. The obtained experi-
mental results are analysed with the use of the two-level
model [4, 5] in terms of a change in population of the
excited state of Co+3 ions under the action of tempera-
ture and pressure. The values of the excitation energy ∆
in LaCoO3 and its pressure derivative d∆/dP , resulting
from analysis of the experimental data, are supplemented
by the corresponding theoretical estimates obtained by
the DFT+U calculations. Specifically, the fixed spin mo-
ment method [20] was employed to obtain a volume de-
pendence of the total energy difference between the Co3+
spin states of LaCoO3.
EXPERIMENTAL DETAILS AND RESULTS
The LaCoO3, PrCoO3, NdCoO3 and SmCoO3 samples
were obtained by solid-state reaction from corresponding
rare earth oxides (La2O3, Pr6O11, Nd2O3, Sm2O3) and
Co3O4 as initial reagents. Stoichiometric amounts of ini-
tial oxide powders were carefully mixed, pressed in the
pellets and sintered in air at 1473 K for 24 h, followed
by re-grinding and further firing in air at 1473 K for 36
h. For preparation of EuCoO3, a stoichiometric mixture
of Eu2O3 and Co3O4 powders was ball-milled in ethanol
for 4 h with 400 rpm, dried and annealed in air at 1313
K for 18 h. After cooling the product was repeatedly
ball-milled in ethanol for 2 hours, dried, pressed in the
pellet and sintered in air at 1343 K for 40 h.
According to XRD examinations, all as-obtained prod-
ucts showed pure perovskite structure without detectable
amounts of the parasitic phases. Crystal structure
parameters were successfully refined by full-profile Ri-
etveld technique in rhombohedral space group R-3c
for LaCoO3 and in orthorhombic Pbnm structure for
PrCoO3, NdCoO3, SmCoO3 and EuCoO3 [24–27].
For additional certification of the prepared samples,
the temperature dependence of their magnetic suscepti-
bility was measured in the temperature range 4.2–300 K
in a magnetic field of 1 T using a SQUID magnetometer
(for PrCoO3 and NdCoO3, the temperature interval was
4.2–400 K). The obtained experimental dependences of
χ(T ) are characterized by a noticeable variety (Figs. 2,
3), and in general are in reasonable agreement with the
literature data for LaCoO3 [4–6], PrCoO3 [21, 22, 31],
NdCoO3 [21, 31], SmCoO3 [32] and EuCoO3 [4, 33]. At
low temperatures, a noticeable Curie-type contribution
due to magnetic impurities was observed in χ(T ) for
RCoO3 compounds with ”nonmagnetic” La
3+ and Eu3+
ions. In the case of R= Sm, Pr, and Nd, the contribu-
tion of the magnetic moments of R3+ ions manifests itself
significantly in the temperature dependence of suscepti-
bility.
The measurements of the uniform pressure effect on
magnetic susceptibility of RCoO3 compounds (R= La,
Nd, Pr, Sm, Eu) were carried out under helium gas pres-
sure P up to 2 kbar, using a pendulum type magnetome-
ter [34]. The investigated sample was placed inside a
small compensating coil located at the lower end of the
pendulum rod. Under switching on magnetic field H , the
value of current through the coil, at which the magne-
tometer comes back to its initial position, is the measure
of the sample magnetic moment for the fixed value of
H . To measure the pressure effects, the pendulum mag-
netometer was inserted into a cylindrical non-magnetic
pressure cell, which was placed inside a cryostat. In or-
der to eliminate the effect on susceptibility of the tem-
perature changes during applying or removing pressure,
the measurements were performed at fixed temperatures
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Figure 2: Temperature dependences of magnetic susceptibil-
ity of RCoO3 compounds (R= La, Sm, Eu).
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Figure 3: Temperature dependences of magnetic susceptibil-
ity of PrCoO3 and NdCoO3.
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Figure 4: Pressure dependence of magnetic susceptibility for
LaCoO3 compound at temperatures 78 and 300 K (the mag-
nitude of the error is less than the size of the symbols).
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Figure 5: Pressure dependence of magnetic susceptibility for
PrCoO3 compound at temperatures 78 and 300 K.
78 and 300 K. The relative errors of measurements of
χ under pressure did not exceed 0.1% for the employed
magnetic field H = 1.7 T. Within this error, no hysteresis
effects were observed in the χ(P ) dependence.
The experimental dependences of χ(P ) for the studied
cobaltites are presented in Figs. 4, 5 and 6. As can be
seen from Fig. 4, a giant decrease in the susceptibility
with increasing pressure is found in LaCoO3 compound,
which amounts to about 10% per kbar at T = 78 K. In
this case, the pressure effect decreases substantially with
increasing temperature, being about an order of magni-
tude smaller for T ≃ 300 K, but remaining large enough.
On the other hand, in PrCoO3, NdCoO3 and SmCoO3
compounds a noticeable pressure effect on susceptibility
is observed at room temperatures. For these compounds,
the magnitude of pressure effect decreases monotonically
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Figure 6: Pressure dependence of magnetic susceptibility for
SmCoO3 and EuCoO3 compounds at temperatures 78 and
300 K.
along this series. In the following EuCoO3 compound
the pressure effect turns out to be of the same order as
the experimental errors of measurements (Fig. 6). This
indicates a weak sensitivity of the dominant Van Vleck
paramagnetism in EuCoO3 to changes in the volume of
crystal cell.
Table I: Magnetic susceptibility at P = 0 (in units of 10−3
emu/mol) and its pressure derivative d lnχ/dP (Mbar−1) for
RCoO3 compounds at temperatures T = 78 and 300 K
Compound χ d lnχ/dP χ d lnχ/dP
T=78 K T=300 K
LaCoO3 4.40 −97± 5 3.11 −11.0± 0.5
PrCoO3 12.6 −0.4± 0.5 5.68 −7.2± 0.5
NdCoO3 12.8 −0.7± 0.5 5.35 −3.4± 0.5
SmCoO3 1.53 −0.5± 0.5 1.29 −1.6± 0.5
EuCoO3 7.11 0± 0.3 5.15 −0.2± 0.3
The obtained pressure derivatives of magnetic suscep-
tibility, d lnχ/dP ≡ (∆χ/χ)/∆P for the studied com-
pounds, together with the values of χ at P = 0 are given
in Table I.
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Figure 7: (a) – Density of electronic states for the LS config-
uration of cobalt ions in LaCoO3; (b) DOS for the IS configu-
ration for different spin directions. The Fermi level is marked
by a dashed vertical line.
DETAILS AND RESULTS OF ELECTRONIC
STRUCTURE CALCULATIONS FOR LaCoO3
To reveal the origin of the anomalously large pressure
effect on magnetic susceptibility in LaCoO3, we have car-
ried out detailed calculations of electronic structure for
this compound. As was shown in Refs. [35–37], the
DFT-LSDA approximation predicts an incorrect metal-
lic ground state of LaCoO3. For a more adequate de-
scription, the DFT+U approach was employed, which
has provided the semiconducting ground state, in agree-
ment with experiments (see Refs. [15–17, 38, 39]).
The present calculations of electronic structure for
LaCoO3 were performed using the linearized augmented
plane wave method with a full potential (FP-LAPW,
Elk implementation [40]). The results of the FP-LAPW
method were compared with the calculations performed
by using the Quantum-Espresso code [41, 42]. We have
used the projector-augmented wave (PAW) potentials
[43, 44], which are directly applicable for the Quantum
Espresso code. The DFT+U approach was employed
within the generalized gradient approximation (GGA)
for the exchange-correlation functional [45]. The effec-
tive Coulomb repulsion energy Ueff=U–J= 2.75 eV was
adopted for Co3+ ions according to Refs. [38, 39], where
such value of U ≡ Ueff has provided the correct ground-
state of LaCoO3.
The calculated density of electronic states (DOS) for
50,0 0,5 1,0 1,5 2,0 2,5
0,00
0,05
0,10
0,15
0,20
55,0 55,5 56,0 56,5
-20
0
20
40
60
E 
(e
V
)
M ( B/Co)
~ 0.025 eV
 
 V (Å3) 
 (m
eV
)
Figure 8: Dependence of the total energy on magnetic mo-
ment of Co3+ ion calculated by the fixed spin moment (FSM)
method at the theoretical equilibrium volume for LaCoO3.
The energies are given relative to the ground state LS (M =
0). In the inset: the volume dependence of the energy differ-
ence between the IS and LS states, ∆; the arrow indicates the
value of the theoretical equilibrium volume.
the ground state of LaCoO3 is shown in Fig. 7 (a). Ac-
cording to our DFT+U calculations, the ground state of
LaCoO3 is a paramagnetic dielectric with an energy gap
of about 0.5 eV, close to the experimental value of Ref.
[46]. For this low-spin state of Co3+, the valence band
is formed by t2g states of cobalt and 2p oxygen orbitals,
whereas the conduction band is formed by eg states of
cobalt. The main features of the calculated electronic
structure for the ground state of LaCoO3 appeared to
be in agreement with the results of previous calculations
[17, 38, 39]. We have also calculated the volume depen-
dence of the total energy E(V ) and obtained the value
of equilibrium volume Vth ∼= 56 A˚
3 for the formula unit
of LaCoO3. This theoretical value of the volume turned
out to be slightly larger (about 1.5%) than the experi-
mental value at T = 5 K (see Ref. [47]), presumably due
to peculiarities of the applied GGA+U approach.
In order to shed light on the nature of magnetic prop-
erties of LaCoO3 we have used the fixed spin moment
(FSM) method [20]. It was demonstrated (see e.g. Ref.
[48]), that FSM method gives valuable information on
the possible existence and properties of metastable mag-
netic phases in solids. The results of FSM calculations of
the total energy E of LaCoO3 as a function of magnetic
moment M for the formula unit are shown in Fig. 8. As
can be seen, there is a clear minimum in the E(M) curve
near M ≃ 2 µB, which presumably corresponds to the
intermediate spin state of the Co3+ ion in LaCoO3 (IS,
S = 1). Its energy is only slightly higher (≃ 0.025 eV)
than the energy of the ground low spin state of Co3+ ions
(LS, S = 0), whereas the high-spin state (HS, S = 2), ac-
cording to our estimates, has a much higher energy (∼ 1
eV). Thus, the obtained results indicate that the transi-
tion from a non-magnetic to a magnetic state in LaCoO3
in the region of moderate temperatures actually occurs
between LS and IS state.
We note that for the IS state the spin subbands are
shifted relative to one another and partially overlap, as
shown in Fig. 7 (b). Therefore, the calculated ferro-
magnetic IS state is a half-metal, although the density of
states at the Fermi level is small because of a weak over-
lap between the valence band and the conduction band,
which actually only touch each other.
We have also calculated the volume dependence of the
total energy difference between the IS and LS states in
LaCoO3, ∆ = EIS − ELS, for isotropic volume changes,
which is shown in the inset in Fig. 8 and described by
the derivative d∆/d lnV ≃ −2.5 eV. This corresponds
to a significant increase in ∆ under pressure, and, on
the other hand, indicates the possibility of the LS–IS
spin states crossover when the volume increases due to
thermal expansion.
DISCUSSION
As already noted, in LaCoO3 compound, where the
contribution of cobalt ions to the magnetic susceptibil-
ity is dominant, the evolution of Co3+ spin state is the
most pronounced, either as temperature increases, or
when pressure is applied. It is assumed that the unusual
temperature dependence of χ(T ) in LaCoO3 is caused
by the temperature-induced transition of Co3+ ions from
the nonmagnetic low-spin state LS (S = 0) to a magnetic
state with an intermediate spin IS (S=1) and/or to the
high spin state HS (S = 2). As shown in Ref. [5], in the
region of low and moderate temperatures, the dominant
contribution to susceptibility χ(T ) of Co3+ ions, χCo(T ),
can be described with the LS→IS transition scenario by
an expression for the two-level system [4, 5, 17] with the
energy difference ∆ for these levels:
χCo(T ) =
NAg
2µ2BS(S + 1)
3kB(T − Θ)
w(T ) ≡
C
(T −Θ)
w(T ). (1)
Here the factor C/(T −Θ) describes the susceptibility of
excited state of the Curie-Weiss type, NA is the Avogadro
number, µB is the Bohr magneton, kB is the Boltzmann
constant, g is the Lande factor, and S is the spin number.
The factor w(T ) determines the temperature dependence
of population of the excited state:
w(T ) =
ν(2S + 1)e−∆/T
1 + ν(2S + 1)e−∆/T
, (2)
where 2S + 1 and ν are the spin and orbital degeneracy
of excited state, ∆ is the difference between the ener-
gies of excited and ground states, expressed in units of
temperature T . We note that in the framework of this
approach, a behavior of χCo(T ) is determined by a single
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Figure 9: Temperature dependences of the contribution of
Co3+ ions to magnetic susceptibility of LaCoO3 (a), and the
population of excited state, w(T ), and the energy difference
∆(T ) of the IS and LS states (b).
parameter ∆, which depends on temperature. Starting
from the equation (2), the ∆(T ) dependence is related to
w(T ) as
∆(T ) = T ln
[
ν(2S + 1)
1− w(T )
w(T )
]
. (3)
In turn, the factor w(T ) can be directly determined from
the experimental data using the expression (1).
Figure 9 (a) shows the evaluated χCo(T ) dependence
for LaCoO3. It was obtained from the experimental χ(T )
dependence (Fig. 2 (a)) by subtraction of the impurity
contribution C/T (C ≃ 20 · 10−3 K·emu/mol) and the
temperature independent contribution χ0 ≃ 0.35 · 10
−3
emu/mol, which describes the total contribution of the
diamagnetism of core electrons and Van Vleck paramag-
netism of cobalt ions. For the analysis of temperature
dependence χCo(T ), we used the usual set of values for
the model parameters [4, 5, 17]: g = 2, S = 1, ν = 1 (it is
assumed, that the orbital degeneracy of IS state is lifted
due to local distortions of the crystal lattice). We also
expected the paramagnetic Curie temperature Θ = 0, as-
suming that interaction between the magnetic moments
of cobalt ions is negligible.
Using the experimental dependence χCo(T ) (Fig. 9
(a)) and the expressions (1), (3), we have determined
temperature dependences of the population w(T ) and the
energy difference ∆(T ), which are shown in Fig. 9 (b).
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Figure 10: Temperature dependence of the derivative of
magnetic susceptibility with respect to pressure, dχ/dP ,
for LaCoO3: () – experimental data of the present
work; (◦) – indirect data from the measurements of vol-
ume magnetostriction [19]; (△) – the chemical pressure ef-
fect estimated from the concentration dependence of the
Co3+ ion contribution,χCo, to magnetic susceptibility of
La1−xPrxCoO3 compounds (from Ref. [22]); the solid line
is a model description within the expression (4), see text for
details.
As can be seen, there is a noticeable decrease in ∆(T )
with an increase in temperature, from ∆ ≃ 163 K for
T = 0 K to ∆ = 0 for T ≃ 240 K. The obtained data on
magnitude and temperature dependence of ∆ are close
to the available literature data (see [17]).
To analyze the experimental data on the effects of pres-
sure, we employed a model description for the derivative
of the magnetic susceptibility with respect to pressure,
dχ(T )/dP ≃ dχCo(T )/dP . According to equations (1)
and (3) this derivative can be expressed as follows:
dχCo(T )
dP
= −
χCo(T )
T
[
1− T
χCo(T )
C
]
d∆
dP
. (4)
Here the only fitting parameter is the d∆/dP derivative,
and its choice corresponds to the best agreement of the
expression (4) with experiment.
The obtained in this work experimental values of
dχ/dP are presented in Fig. 10, together with the cor-
responding indirect estimates which follow from mea-
surements of the volume magnetostriction ∆V/V (H) in
LaCoO3 [19]. These magnetostriction data are connected
with dχ/dP by the relation:
∆V
V
(H) = −
1
2Vm
dχ
dP
H2, (5)
where Vm and χ are the molar volume and susceptibility.
The estimates of the chemical pressure effect are also
given in Fig. 10. These estimates were obtained for a
7number of arbitrarily chosen temperatures in the range
of 100 − 300 K, proceeding from the data of Ref. [22]
on the concentration dependence of the Co3+ ion contri-
bution, χCo, to magnetic susceptibility of isostructural
compounds La1−xPrxCoO3 (x = 0, 0.1, 0.2, and 0.3)
and using relation:
dχ(T )
dP
≃
dχCo(T )
dP
= −
∂χCo(T )
∂x
(
B
∂ lnV
∂x
)−1
. (6)
Here, the linear decrease in the volume of crystal cell
with increasing Pr concentration amounts to ∂ lnV/∂x ≃
−0.03 [22], and the bulk modulus B ≃ 1.35 Mbar is as-
sumed, which is the mean value ??of B ≃ 1.22 [49] and
1.5 Mbar [50]). As can be seen in Fig. 10, all three
sets of experimental data are in a good agreement with
each other, and are reasonably described by using Eq.
(4) when choosing d∆/dP = +12 K/kbar. We note the
similarity of the effects of hydrostatic and chemical pres-
sures in the magnetic susceptibility of LaCoO3, which,
apparently, is characteristic of the entire family of the
cobaltites under consideration.
The strong pressure dependence of the parameter ∆,
derived from the analysis of experimental data, also re-
veals the main mechanism that determines temperature
dependence of ∆ due to the change in volume with ther-
mal expansion. The corresponding effect in ∆(T ) can be
approximately estimated using the expression:
δ∆ = ∆(T )−∆(0) ≈
∂∆
∂ lnV
×
V (T )− V (0)
V (0)
, (7)
where ∂∆/∂ lnV = −B∂∆/∂P , B is the bulk modu-
lus. Using the values B ≃ 1.35 Mbar, (V (300 K) −
V (0))/V (0) ∼ 0.015 (from Ref. [47]) and ∂∆/∂P ≃
12 · 103 K/Mbar (this work), we have obtained the es-
timate δ∆ ≃ −240 K for T = 300 K, in reasonable agree-
ment with the ∆(T ) dependence in Fig. 9 (b).
It should be noted that some improvement in the above
used model can be obtained if one takes into account,
a) the temperature dependence of elastic properties [51],
b) the possible manifestation of interaction between the
Co3+ moments in the excited IS state, and c) the contri-
bution of HS spin state in the high-temperature range,
which were not considered in the preliminary analysis.
Nevertheless, we suppose that these improvements in the
model will not lead to noticeable refinements of the ob-
tained parameters:
∆ ≃ 163 K at T = 0 K, d∆/dP ≃ 12 K/kbar. (8)
We can also indicate that our estimate of d∆/dP
is close to the value of the chemical pressure effect,
d∆/dP ∼ 10 K/kbar, obtained from the analysis of mag-
netic properties of La1−xPrxCoO3 system at low concen-
trations x [22].
It should be noted that theoretical studies of the vol-
ume dependence of ∆ in LaCoO3 also demonstrate a pos-
itive pressure effect (see e.g. Refs. [15, 52]). However,
the available theoretical estimates of the values of both
d∆/dP and ∆ are significantly different from each other
(about an order of magnitude) and these estimates have
to be verified. On the other hand, the results of our de-
tailed DFT+U calculations of ∆ value and its volume de-
pendence for LaCoO3 have given the values ∆(0) ≃ 250
K and d∆/dP ≃ 21 K/kbar, which are in reasonable
agreement with the corresponding estimates obtained in
this paper from the analysis of experimental data. Note
that some difference between the calculated and exper-
imental estimates of d∆/dP in LaCoO3 may be due to
the fact that the calculations were carried out for volume
variations corresponding to a simple change in the scale
of structural parameters, whereas their actual behaviour
under uniform pressure is noticeably anisotropic [50].
According to the observed significant increase in ex-
cited state energy ∆ in LaCoO3 under pressure, we can
expect that in the studied series of RCoO3 compounds (R
= Pr, Nd, Sm, Eu) the value of ∆ increases due to a de-
crease in the unit cell volume along the R-series (see Fig.
1). In particular, for EuCoO3 the decrease in volume per
formula unit is about 6% compared to LaCoO3. With the
bulk modulus B ∼ 1.5 Mbar, this corresponds to a chem-
ical pressure of about 90 kbar and to increase in ∆ by
approximately 1000 K. Therefore, in RCoO3 compounds
we expect a monotonic increase of the characteristic tem-
peratures, associated with the crossover of spin states, to
??higher values of T .
The temperature dependence of the inverse suscepti-
bility of PrCoO3 and NdCoO3 cobaltites is given in Fig.
11. For the temperature region above 100 K, where the
effects of the crystal field are negligible [21], this depen-
dence can be described in terms of the Curie-Weiss law:
χ(T ) = χ0 + C/(T −Θ). (9)
Here the value χ0 ≃ 0.35 · 10
−3 emu/mol is accepted,
as in LaCoO3. The Curie constants C are close to the
values corresponding to the effective magnetic moments
of free Pr3+ and Nd3+ ions, and Θ are about −55 and
−75 K for PrCoO3 and NdCoO3, respectively. As can
be seen in Fig. 11, above T ∼ 200 K for PrCoO3
and ∼ 240 K for NdCoO3, there are deviations from
the Curie-Weiss law, which can be attributed to the
temperature-induced contribution of the excited states
of Co3+ ions, χCo. At T = 300 K, the magnitude of
these contributions are about 0.72·10−3 and 0.26·10−3
emu/mol for PrCoO3 and NdCoO3, respectively. Owing
to high sensitivity of the χCo contribution to pressure,
its existence is also manifested in the experimentally ob-
served increase of the pressure effect in both cobaltites
at room temperature (see Table I). Estimates of the
dχCo/dP derivative for T = 300 K can be obtained by
substituting the values of χCo in Eq. (4). They turn out
to be equal to −22.6 · 10−3 and −9.6 · 10−3 emu·mol−1
Mbar−1 for PrCoO3 and NdCoO3 when using the value
d∆/dP = 12 · 103 K/Mbar, obtained above for LaCoO3
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Figure 11: Temperature dependence of the inverse susceptibil-
ity for PrCoO3 and NdCoO3. Solid symbols are experimental
values, dashed straight lines are approximations by the Curie-
Weiss law. The inserts show temperature dependence of the
contribution to the total susceptibility of cobalt ions in the
excited state (see text for details)
in Eq. (4). Taking into account these additional contri-
butions to χ, the estimated values of the total pressure
effect are d lnχ/dP = −4.4±1.5 Mbar−1 for PrCoO3 and
−2.5± 1 Mbar−1 for NdCoO3, which agree well with the
experiment (Table I, T = 300 K). Note that the agree-
ment is improved significantly when choosing the value
d∆/dP ≃ 18 · 103 K/Mbar in Eq. (4).
Regarding the magnetic properties and pressure effects
in the samarium and europium cobaltites, we note that
in RCoO3 series under consideration these compounds
have the smallest volume of the unit cell (Fig. 1) and,
therefore, the highest energy of the excited Co3+ state.
Therefore, in the studied temperature range 4.2− 300 K,
a further decrease in the excited magnetism of the Co3+
ions is observed, as indicated by a weak growth of the
pressure effect in SmCoO3 at T = 300 K (Table I) and
almost complete absence of pressure effect in EuCoO3.
The dominant contribution to the magnetism of these
compounds is the Van Vleck paramagnetism of Sm3+ and
Eu3+ ions. Based on the data obtained in this paper, this
type of magnetism is weakly sensitive to changes in the
volume of a crystalline cell under pressure, which is also
characteristic for other paramagnets of this type, e.g. for
SmB4 [53].
CONCLUSION
In this work we studied the effects of temperature and
hydrostatic pressure on magnetic susceptibility of RCoO3
cobaltites (where R = La, Pr, Nd, Sm and Eu). The main
aim of this research was to explore dependence of the spin
state of cobalt ions in these compounds on temperature
and changes of the unit cell volume both under pressure
and under lanthanide contraction along the RCoO3 se-
ries.
The experimental results obtained for LaCoO3, to-
gether with the corresponding literature data on the vol-
ume magnetostriction [19] and the chemical pressure ef-
fects [22], were consistently described in terms of changes
in the population of the excited state of Co3+ ions with
variations in temperature and pressure, under the as-
sumption that this state corresponds to the intermedi-
ate spin of the ions, S = 1. The analysis using a simple
two-level model [4, 5] has revealed an anomalously large
growth under pressure of the relative energy ∆ of the
excited state. The estimated magnitude of this effect,
d∆/dP ≃ 12 K/kbar, is reasonably consistent with the
results of our DFT+U calculations of the volume depen-
dence of ∆ for LaCoO3. This indicates the adequacy of
the DFT+U approach for calculations of the electronic
structure of the cobaltites under consideration.
In our opinion, the obtained behaviour of ∆ under
pressure is the main source of the temperature depen-
dence of this parameter due to the effect of thermal ex-
pansion. It also agrees with the literature data on the
continuous decrease in the population of the excited state
of cobalt ions and stabilization of the low-spin state,
which were revealed in the behaviour of the physical
properties of LaCoO3 at high pressures (see e.g. Refs.
[50, 54]). In addition, the existing ∆(P ) dependence ex-
plains a shift of the characteristic temperatures of the
spin-crossover transitions in RCoO3 compounds to their
higher values due to the chemical pressure under lan-
thanide contraction. It should also be noted that the ob-
served similarity between the effects of hydrostatic and
chemical pressures on the value of ∆ and the contribu-
tion of cobalt ions to magnetic susceptibility of cobaltites
confirms the strong dependence of the spin state of Co3+
ions on interatomic distance in LaCoO3 and related com-
pounds.
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